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Abstract. Size-resolved aerosol mass and gas concentrations were measured during the European
Arctic Aerosol Study (EAAS). A thermodynamic equilibrium model was applied to the data in
order to (1) test whether gas-aerosol equilibrium appeared to be obtained by NH3, HNO3, HCI,
HCOOH, and CH3COOH, and (2) test the sensitivity of gas-aerosol equilibrium to several non-
volatile organic acids that were measured. Model results indicated that all submicrometer, accu-
mulation-mode aerosols appeared to be near equilibrium with NH3. Supermicrometer, coarse-
mode aerosols of recent marine origin appeared to be out of equilibrium with HNOj3 and closer to
equilibrium with HCI, while continentally influenced aerosols sometimes appeared to be near
equilibrium with both HNO3 and HCI. However, the observed gas-aerosol partitioning of
HCOOH and CH3COOH could not be explained by effective Henry’s law partitioning, consistent
with other studies. Nonvolatile organic acids measured were methanesulfonate, oxalate, succinate,
and glutarate. Sensitivity tests indicated that methanesulfonate retained ~30% of NH;* under ma-
rine conditions but had <3% impact on other species and under other conditions. Whereas oxalic
acid was predicted to be ~15-30% dissociated in the aerosol solution, succinic and glutaric acids
were predicted to be <10% dissociated, limiting their ability to influence gas-aerosol partitioning.
Together, the three dicarboxylic acids were responsible for retaining 0-2% of predicted NH4* and
displacing 0-6% of predicted Cl" and NO3". Model results were sensitive to the assumed mixing

state of the aerosols, as well as the degree of aerosol size resolution represented by the model.

1. Introduction

An important uncertainty in quantifying anthropogenic influ-
ences on global climate is associated with the direct and indirect
effects of aerosols [Intergovernmental Panel on Climate Change,
1996]. To address this, recent research has been aimed at estab-
lishing the global geographic distribution and variability of aero-
sol characteristics. In the Arctic Basin, aerosols are influenced by
unique regional processes, such as Arctic Haze during polar night
[Sirois and Barrie, 1999], intense photochemistry at polar sunrise
[Kawamura et al., 1996], and low ammonia flux from local
sources [Bouwman et al., 1997]. However, few monitoring pro-
grams have studied aerosol chemistry and optical properties at
high northern latitude sites. The European Arctic Aerosol Study
(EAAS) was designed to measure the chemical and optical prop-
erties of aerosols in the Arctic troposphere and investigate their
seasonal variability. Field measurements were made in northern
Finland from July 1997 through July 1999, including continuous
monitoring of aerosol number concentrations, chemical composi-
tion, and optical properties [ Virkkula et al., 1997]. Because gases
influence aerosol chemistry, gas-aerosol partitioning was also
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studied during three intensive sampling campaigns. This paper
focuses exclusively on the gas-aerosol partitioning behavior ob-
served during the first intensive field campaign.

Few abundant atmospheric species are present at high concen-
trations in both the gas and aerosol phases. By contrast, most
other species are concentrated predominantly in one phase. For
example, SO, may be present at high concentrations in the gas
phase, but does not dissolve significantly in aerosol solutions due
to its relatively low Henry's constant. (While dissolved SO, may
react irreversibly with oxidants such as H,O,(aq) to form other
species, it does not significantly accumulate in an unreacted
form.) At the opposite extreme, H,SO4 may be present at low
concentrations in the gas phase, but accumulates significantly in
aerosol solutions due to its very low volatility. Between these
two extremes, a few species may partition in a more equal fash-
ion. The abundant inorganic gases with high concentrations in
the aerosol phase are ammonia (NH3), hydrochloric acid (HCI),
and nitric acid (HNO;3). Many organic gases may also partition
significant mass to atmospheric aerosols, but few individual spe-
cies have been quantified in both gas and aerosol phases. Of
those, formic acid (HCOOH) and acetic acid (CH;COOH) have
exhibited among the highest concentrations in both phases [e.g.,
Meng et al., 1995; Saxena and Hildemann, 1996]. During the
EAAS intensive field campaigns all five gases (NH3, HCI, HNO3,
HCOOH, and CH3COOH) and their aerosol-phase analogs (as
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water-soluble NH4*, ClI', NO3", HCOO", and CH3COO") were
measured simultaneously. The aerosol sampling further aimed to
characterize all nonvolatile inorganic species that may contribute
significantly to water-soluble aerosol mass, thus in turn affecting
gas-aerosol partitioning, as well as several nonvolatile organic
species. Nonvolatile inorganics measured were the remaining
dominant water-soluble constituents of sea salt, crustal matter,
and secondary aerosols: Na*, Mg?*, CaZ*, K*, SO,%", and
CH3SO3" (methanesulfonate). Nonvolatile organics measured
were three dicarboxylic acids that may be among the most con-
centrated organic aerosol species [Saxena and Hildemann, 1996]:
C,0,4% (oxalate), C4H404% (succinate), and CsHgO4% (gluta-
rate).

To analyze the observed gas-aerosol partitioning, a thermody-
namic equilibrium model was applied. Previous modeling results
have shown that gases and aerosols may be close to thermody-
namic equilibrium at high relative humidities [Jacobson, 1997a].
However, large aerosols may require long time periods to equili-
brate with some gases [Meng and Seinfeld, 1996]. Thermody-
namic equilibrium models may be employed within the
framework of a three-dimensional, time-dependent model in
which equilibrium may be coupled with other processes, such as
growth, gas chemistry, and sedimentation [e.g., Jacobson, 1997b,
c; Meng et al., 1998], or they may also be employed to calculate
the instantaneous equilibrium of a gas-aerosol system [e.g.,
Hildemann et al., 1984; Hayami and Carmichael, 1997, 1998;
Jacobson, 1999a]. The latter approach was taken here, and the
gas-aerosol equilibrium calculated by the model was compared
with the observations. Similar applications of equilibrium mod-
els to size-distributed aerosol field data have been limited to the
application of the SCAPE model to 2-stage particle impactor data
collected in South Korea [Hayami and Carmichael, 1997, 1998]
and the application of the EQUISOLV II model to 8-stage parti-
cle impactor data collected in the Los Angeles Basin [Jacobson,
1999a]. In this work, we applied EQUISOLV II to 12-stage par-
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ticle impactor data that were inverted to estimate aerosol soluble
mass concentration in 99 contiguous size bins. The specific goals
of the modeling were (1) to test whether gas-aerosol equilibrium
appeared to be obtained by both inorganic and organic partition-
ing species, and (2) to test the sensitivity of gas-aerosol equilib-
rium to the measured nonvolatile organic species. More
generally, the model also tested whether the gas and aerosol ob-
servations fit together to form a physically consistent picture of
size-resolved aerosol composition and gas-aerosol interaction.

In summary, the purpose of this paper is to present a modeling
study of the gas-aerosol partitioning that was observed during the
first EAAS intensive sampling campaign. We also report the
subset of EAAS data that was used as model input. Future publi-
cations will be devoted to reporting the full range of data gath-
ered during EAAS and studying the processes leading to the
observed aerosol size distributions.

2. Experimental Data

The following provides a description of the field site, the
methods used to sample aerosols and gases, the chemical analysis
of aerosol and gas samples, and the inversion of particle impactor
data to obtain near-continuous aerosol mass size distributions.
All model input data are also reported.

2.1. Field Site

Field measurements were made at Sevettijarvi (69°35'N,
28°50'S, 130 m above sea level) in the Finnish Lapland (Fig-
ure 1). The site receives a wide variety of air masses. Easterly
flow brings air masses influenced by Nickel/Zapolyarnyi, Russia,
which is located 60 kni from the station and is a primary source
of SO, north of the Arctic Circle due to emissions from non-
ferrous metal production and coal- and oil-fired power plants
[Tuovinen et al., 1993]. Northerly and westerly flows bring air

Figure 1. Four-day air mass trajectories for all aerosol samples modeled.
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masses from the Barents Sea (the closest water body, located
40 km from the station), the Arctic Ocean, the Norwegian Sea,
and the Gulf of Botnia. Southerly flow can bring polluted air
masses from continental Europe [Virkkula et al., 1997]. Local
biogenic emissions from the boreal forest are also likely to influ-
ence aerosol characteristics, particularly during summer under
anticyclonic conditions.

The sampling site is located on a small hill 50 m above the
surrounding terrain, with sparse vegetation, mainly pine and birch
trees. Local contamination sources are limited to several houses
within 3 km, and there is no major population center within 30
km of the station. The closest road is 3 km away, with traffic
limited to a few vehicles per day. The station consists of two log
cabins. One cabin houses the pumps for aerosol and gas sam-
pling, with filtered exhausts. The second cabin houses the sam-
pling equipment, with inlets extending to a deck 7 m above
ground level [Virkkula et al., 1997].

In this paper, we report a subset of the data gathered during
late July of 1997. The data include size-resolved aerosol mass
and gas concentrations, as described below. Additional meas-
urements were 1-hour average particle number concentrations at
7 m above ground level and 5-min average temperature, relative
humidity, and atmospheric pressure at 2 m above ground level
[Virkkula et al., 1995, 1997].

2.2. Aerosol Sampling

A 12-stage Small Deposit-Area Impactor (SDI) designed at the
Finnish Meteorological Institute was used to sample aerosols with
mean diameters ranging from 45 nm to 15 uym [Maenhaut et al.,
1996; Kerminen et al., 1998a]. Aerosols were sampled 7 m
above ground level at ambient temperature and relative humidity,
with a flow rate of 10.8 L min! (STP). Typical sampling periods
lasted 12 hours, during either daytime (0900-2100) or nighttime
(2100-0900). Nucleopore film was used as the impaction sub-
strate and was coated with Apiezon L grease in order to limit
particle bounce. Under a laminar flow hood, impactors were
loaded immediately prior to sampling and downloaded immedi-
ately after collection. Samples were individually extracted in test
tubes with 5 mL of Milli-Q water within 15 min of collection in
order to limit exchange with the gas phase during storage. Im-
pactor substrate blanks were prepared and treated in the same
manner as samples, including grease coating, but were not loaded
into the impactor. One pair of blanks was analyzed for each
aerosol sampling period.

Potential sampling artifacts were considered negligible. Im-
pactor sampling of semivolatile species is less prone to artifacts
than filter sampling, and NOj3~ loss from impactors has been
shown to be low when the particulate fraction exceeds 0.5 [Zhang
and McMurry, 1992}, as was the case during EAAS. Losses due
to pressure changes within the impactor are further limited to the
stages collecting the smallest particles. However, particles of
0.2 um diameter were still collected at 95% of atmospheric pres-
sure in the SDI [Maenhaut et al., 1996]. Data and modeling also
indicated that NO3™ was not present in semivolatile forms such as
NH4NO;(s) in the samples reported here.

2.3. Gas Sampling

All gases were sampled using a modified version of the mist
chamber technique [Talbot et al., 1997; Lefer et al., 1999], in
which soluble gases are concentrated by exchange with a mist of
water created in a-sampling vessel. Two mist chambers working
at a flow rate of 26 L min"! (STP) were set in series in order to
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calculate the collection efficiencies for the chemical species. A
Teflon filter (1.0 uym porosity, Millipore FA, Bedford, Massachu-
setts) was inserted in front of the first mist chamber to remove
particles from the airstream. The filter can create positive inter-
ferences by volatilization from collected particles or negative in-
terferences by gas adsorption, but these interferences were
considered minimal under the conditions of sampling (low load-
ing of the front filter and low concentrations of semivolatile
NH4NO;(s) or basic coarse particles) [Lefer et al., 1999]. How-
ever, in order to further reduce possible interferences, the sam-
pling intake was located downstream of a particle separator made
of stainless steel tubing (75 mm diameter) connected to a high-
volume pump with a flow rate of 1500 L min"!. Laboratory tests
indicated that essentially no particles larger than 0.7 pm entered
the mist chamber intake at the prescribed flow rates [Voisin et al.,
2000].

Gases were sampled 1.5 m above ground level at ambient
temperature, with sampling durations of 2 hours. The mist cham-
bers were loaded with 20 mL of Milli-Q water and a new prefilter
for each run. After collection, samples were stored at room tem-
perature in cleaned, airtight glass bottles and analyzed in the field
within 6 hours. Procedural blanks were performed several times
per day and were treated in the same manner as samples. The
season-averaged blank value was subtracted from sample values
to calculate atmospheric concentrations.

2.4. Aerosol and Gas Sample Analysis

The impactor and mist chamber samples were analyzed in the
field for cations and anions using ion chromatography. Cations
(NH4*, Na*, Mg2+, Ca?*, and K*) were analyzed with a Dionex
100 chromatograph with a CS12 column and isocratic 96-mM
methanesulfonic acid eluent, as prescribed by Dionex
(Sunnyvale, California). Using a 700-pL injection loop gave sub-
ppb detection limits for all cations in solution. Anions (CI-,
NO3", S04, CH3S8057, HCOO", CH3CO0", C,04%, C4H404%,
and CsHgO,4%") were analyzed with a Dionex 500 chromatograph
with an AS11 column, as described by Jaffrezo et al. [1998].
Using a 500-pL injection loop gave sub-ppb detection limits for
all anions in solution.

Table 1 gives the atmospheric detection limits for typical mist
chamber samples, calculated as the average plus twice the stan-
dard deviation of all 40 procedural blanks that were collected.
The detection limits were at least an order of magnitude lower

Table 1. Atmospheric Detection Limits (DL) of Gases and
Aerosol Species (Single Impactor Stage)

DL, Aerosol DL,
Gases ng m3 Species ngm

HCl1 1.5 NH,* 1.5
HNO3 0.3 Na* 9.4
NH; 0.9 Mg?* 3.8
formic acid 5.9 Ca** 45
acetic acid 4.1 K* 2.7
Cr 5.8

NOy 25

SO,> 8.3

CH;S05 2.6

formate 25.3

acetate 11.9

oxalate 1.4

succinate 0.8

glutarate 0.5




19,894

FRIDLIND ET AL.: ANALYSIS OF GAS-AEROSOL PARTITIONING

Table 2. Sampling Duration (Local Time), Meteorological Conditions (Average and Standard Deviation), and Type of Aerosol

Samples Modeled
Start Stop Temperature, RH, Pressure, Aerosol
Sample Time Time °C % mbar Type

J11 July 17 2115 July 18 0900 17+ 80+6 1006+0.5 continental
J12 July 18 2200 July 19 0900 11+l 95+2 1008+0.6 continental
J18 July 25 1140 July 252110 8+l 68+2 1001+0.3 marine
J21 July 29 2145 July 30 0920 =l 87+4 997+0.4 continental/marine
122 July 30 2155 July 31 0925 81 92+3 1001+0.3 continental

than atmospheric concentrations of all gases except NH3. Table |
also gives atmospheric detection limits for a single stage of a
typical particle impactor sample, calculated as the average plus
twice the standard deviation of all 33 procedural blanks that were
collected. However, inversion of the raw impactor data required
concentrations above the detection limit on at least 3—4 stages.
Thus, in practice, the atmospheric detection limits for aerosol
species were 3—4 times those shown in Table 1. Concentrations
of NH,* and SO, were at least 5 times above the detection lim-
its for all impactor samples. This was not always the case for the
other major aerosol species (Na*, CI, and NOy"), and rarely the
case for most minor species (MgZ*, Ca®*, K*, and organics).
Analytical difficulties precluded determination of Mg?* in most
samples.

Out of the 25 aerosol impactor samples collected during the
summer campaign, 11 included both gas and aerosol concentra-
tions for all major chemical species. Of these 11 complete sam-
ples, 5 were most suitable for modeling due to greater uniformity
of observed particle number concentrations, gas concentrations,
and relative humidity during the aerosol sampling period. The
aerosol type for each of the 5 samples modeled (Table 2) was
loosely defined according to the total observed Na*: >350 ng m
was considered marine, 100-350 ng m™> was considered conti-
nental/marine, and <100 ng m™3 was considered continental. The
observed aerosol mass concentrations (Table 3) varied with aero-
sol type, but were within the range previously measured at the
site [Kerminen et al., 1999; Virkkula et al., 1999]. While the
aerosol type was often correlated with air mass trajectories (Fig-
ure 1), the correlation was sometimes weak. Trajectories indi-
cated that some continental samples may have spent considerable
time over the ocean, but provided no further information on the
thermodynamic or elevation history of the aerosols.

The average and standard deviation of gas concentrations ob-
served during each aerosol sampling period (Table 4) were cal-
culated from the 2-hour mist chamber samples. Few comparable
data exist for background concentrations at high latitudes. The
values observed during EAAS were generally a factor of 3-5

higher for HCOOH and CH3COOH than those presented by Tal-
bot et al. [1992], and a factor of 2-3 lower for HNO3. The exten-
sive additional gas data collected during EAAS will be reported
in a future publication.

2.5. Aerosol Impactor Data Inversion

The 12-stage particle impactor data were processed with the
MICRON inversion routine [Wolfenbarger and Seinfeld, 1990} to
obtain near-continuous aerosol mass size distributions with 99
size bins between 40 nm and 20 pm. The shape of the inverted
size distribution obtained by MICRON depends not only on the
impactor data but also on the overall uncertainty related to aero-
sol sampling, chemical analysis, and impactor collection effi-
ciency. The detailed impactor efficiency data required by
MICRON were taken from calibrations made at the Finnish Me-
teorological Institute [Maenhaut et al., 1996]. Higher overall un-
certainties typically lead to smoother inverted size distributions,
while lower uncertainties reveal detailed structure in the distribu-
tions. Since it is difficult to precisely estimate the overall uncer-
tainty, the sensitivity of the inverted size distributions to the
magnitude of the uncertainty was tested. It was found that varia-
tions on the order of the experimental uncertainty in the input
data sometimes produced two types of instability: (1) a large
change in the amplitude of the minimum between overlapping
modes (Figure 2a), and (2) a change in the total number of modes
(Figure 2b). The first type of instability occurred only in sample
J12 (for Na*, CI', and NOjy"), whereas the second type occurred
only in samples J21 and J22 (for SO4% and/or NH,*).

The inverted aerosol mass size distributions of the major spe-
cies that were used as model input (Figure 3) are in agreement
with previous observations at the site [Kerminen et al., 1999].
The experimental uncertainty in the inverted size distributions
was obtained by simultaneously varying the raw impactor data
over the range of experimental uncertainties for each stage. The
inversion results are referred to hereafter simply as observations,
with the understanding that they represent observations that have
been processed by the MICRON routine.

Table 3. Observed Aerosol Mass Concentrations Summed Over Particle Impactor Stages

Sample  NH4* Na* Mg?* Cr NO3” S0,> CH;SO; Formate Acetate Oxalate Succinate Glutarate
J1 238.5 <DL NA <DL <DL 677.2 6.5 164.5 82.4 949 74.3 29.5
Ji12 2244 454 <DL 316 28.1 802.2 167.9 79.0 63.7 106.7 453 13.7
J18 33.4 772.6 70.6 957.1 72.0 186.8 98.1 <DL <DL 11.0 <DL <DL
121 227.6 272.5 349 207.5 174.5 789.8 462 <DL <DL 50.5 48.6 16.2
122 161.4 84.6 NA 71.1 56.0 1127.6 79.1 <DL <DL 50.9 573 19.1

Units are ng m™; DL, detection limit; NA, not analyzed. Ca®* and K* were below detection limits in all samples.
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Table 4. Average and Standard Deviation of Gas Concentrations
Observed During Each Aerosol Sampling Period

Sample HCl HNO; NH; HCOOH CH;COOH
Ji1 80+56 50+18 59.5£20.9 2898x662 2953:644
J12 52+18 179 6.2+7.2  1134x507 1044459
J18 109+26 38+15 <DL 393190 4324255
J21 86+15 1545 1.6x£1.0  1299+310 1615594
J22 76+34 45+12 <DL 995+365  1064+493

Units are ng m3; DL, detection limit.

3. Gas-Aerosol Equilibrium Model

A thermodynamic equilibrium model was applied to the gas
and aerosol observations. In the following, the model is de-
scribed, and the model assumptions are discussed and evaluated.

3.1. Model Description

The EQUISOLV II model was used to calculate thermody-
namic equilibrium among the gas-phase and size-resolved aero-
sol-phase species listed in Table 5. All thermodynamic data used
by the model have been previously referenced [Jacobson, 1999a,
b], with the exception of the data for aerosol organics that are ref-
erenced in section 4. Aerosol-phase inputs to the model were the
observed size distributions of water-soluble NH,*, Na*, Mg?*,
Cl', NOy, SO4%, CH358057, HCOO", CH;COO, and in some
cases oxalate, succinate, and glutarate, with charge imbalances
attributed to unmeasured H* and CO3%, in each of 99 size bins
between 40 nm and 20 um. Gas-phase inputs were estimated
CO, and observed HCl, HNO3, NH3;, HCOOH, and CH3;COOH.
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Figure 2. Examples of the inverted aerosol mass size distribu-
tions when the estimated minimum and maximum values of over-
all uncertainty were input to MICRON for (a) Na* in sample J12
and (b) SO, in sample J21.
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Na™ for all aerosol samples modeled.
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Table 5. Gas-Phase and Aerosol-Phase Species (Aqueous, fonic,
and Solid) Included in EQUISOLV 11

Gas Aqueous Tonic Solid
H,0 H,0(aq) H* NH4NOs(s)
CO, H,CO5(aq) OH NH,4CI(s)
HCI H,S0,(aq) HCOy NH4HSO4(s)
HNO; CH;S0;H(aq) CO% (NH4),S04(s)
NH; HCOOH(aq) NH,* (NH,);H(SO,),(s)
HCOOH CH,COOH(aq)  Na* NH4HCO4(s)
CH,COOH C,H,0,(aq) Mg2* NaNOs(s)
C4HgO4(aq) Ccr NaCl(s)
CsHgOy(aq) NO3 NaHSOy(s)
HSO4 Na,SO,(s)
NeJa NaHCOj(s)
CH,S05” NayCOs(s)
HCOO MgCly(s)
CH}COO Mg(NO;)Z(S)
C,HO, MgS04(s)
C,0,% MgCOs(s)
C4Hs04
C4H 04>
CsH,04
CsH 0,

An initial ambient CO, concentration of 360 ppm was assumed
for all samples. Meteorological inputs were observed tempera-
ture, relative humidity, and pressure. Observed meteorological
variables and gas concentrations were averaged over the aerosol
sampling period (Tables 2 and 4).

During each model simulation all volatile species were per-
mitted to simultaneously migrate between the gas phase and the
aerosol size bins until thermodynamic equilibrium was estab-
lished. Conceptually, this solution resolved the competitive
thermodynamic demand of the nonvolatile species in each aerosol
size bin for the total volatile species in the gas-aerosol system.
Outputs of the model included the equilibrium concentration of
all gases and the equilibrium size distribution of all aerosol spe-
cies (Table 5).

The equilibrium solutions were both unique and converged for
all model runs. The solutions were unique since no solids con-
taining more than a single volatile component, such as
NH4HCO;(s) or NH4NOs(s), were predicted [Jacobson, 1999a].
When such solids are predicted, their size-resolved distribution is
not thermodynamically unique and would instead be governed by
kinetic transport processes [Wexler and Seinfeld, 1990]. For this
study, all solids were assumed to form at their crystallization
relative humidity, and none were predicted in the samples mod-
eled. Convergence was confirmed by comparing each solution
with that obtained when all inorganic volatile species (NH4*, CI',
and NOj3") were removed to the gas phase (added to observed
NHjs, HCI, and HNO3). Since the system always had a unique
solution, such drastic alteration of the initial conditions of the
volatile species did not change the converged solution. All solu-
tions met two criteria to guarantee the convergence of both aero-
sol size-distributions and overall gas-aerosol partitioning: (1) the
predictions of inorganic volatile species in each size bin contain-
ing more than 1% of total volatile mass differed from one another
by less than 1%. and (2) their sum over all size bins differed from
one another by less than 0.5%.

Model results are shown only for volatile species since non-
volatile species were unable to migrate from their initial size bins
and their water-soluble concentrations therefore did not deviate
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from the initialized values. Model results are presented below in
three forms: (1) the aerosol mass size distribution; (2) the total
aerosol mass concentration, obtained by summing over all size
bins; and (3) the total aerosol mass concentration relative to the
combined mass in the aerosol and gas phases, referred to as the
particulate fraction. Deviations between model predictions and
observations would result from three general sources: (1) error in
the model representation of the gas-aerosol system, (2) error in
observations, or (3) lack of thermodynamic equilibrium in the ob-
served system.

3.2, Model Assumptions and Uncertainty

In addition to assuming gas-aerosol equilibrium, it was as-
sumed that all species that affect gas-aerosol equilibrium were in-
cluded in the model. The EAAS study was designed to satisfy
this assumption, as discussed in section 1. Specific additional as-
sumptions regarding gases, meteorological conditions, and aero-
sols were tested in order to evaluate model uncertainty, as de-
scribed in the following.

3.2.1. Gases and meteorological conditions. Multistage
particle impactors require significant sampling duration to accu-
mulate sufficient aerosol mass for chemical analysis. During
EAAS, gas concentrations and meteorological conditions some-
times varied widely over the 12 hours required to obtain each
aerosol sample, and these variations were generally much greater
than experimental uncertainty in the measured variables (Tables 2
and 4). The sensitivity of the results to the observed variations
were evaluated as follows: (1) each gas concentration was inde-
pendently initialized to its minimum and maximum observed val-
ues, (2) all meteorological variables (temperature, relative
humidity, and pressure) were simultaneously initialized to their
observed values at points of minimum and maximum relative
humidity, and (3) all gas concentrations and meteorological vari-
ables were simultaneously initialized to their values at points of
minimum and maximum relative humidity. The results of these
sensitivity tests are presented in Table 6 in terms of changes in
total predicted NH4*, Cl°, and NO;™ in the aerosol phase, summed
over all size bins.

Independent variations in gas concentrations influenced pre-
dictions by up to +23%. Whereas changing NH; only influenced
NH,4*, HCl and HNOj exhibited competitive displacement in the
aerosol phase. The independent behavior of NH3 can be attrib-
uted to the association of NH; with the accumulation mode,
whereas HCI and HNOj; were interdependently associated with
the coarse mode.

Variations in meteorological conditions influenced predictions
by up to £16%. Meteorological conditions at maximum relative
humidity generally increased predicted aerosol absorption of NHj3
and HCI due to increased water content. By contrast, HNO; ab-
sorption was decreased due to the increased dissolution of HCI
and subsequent lowering of pH. The opposite effects occurred at
minimum relative humidity.

Simultaneous variations in gas concentrations and meteoro-
logical conditions influenced predictions by up to £20%. Rela-
tive humidity was maximum during early morning, when gas
concentrations were generally lowest, and the opposite was gen-
erally true in early afternoon, often resulting in competing equi-
librium effects. Thus, for instance, high NH3 tended to increase
equilibrium NHy*, while simultaneously low relative humidity
tended to decrease it. However, the dominant effect varied
among both samples and gases.

3.2.2. Aerosols. The aerosol population was assumed to be
constant over the 12-hour sampling period. Since number con-
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Table 6. Percentage Change of Total NH,*, CI', and NO3™ (Summed Over All Size Bins) Predicted by Each Sensitivity Test
ANH,* ACI ANOy
Sensitivity Test Jir Ji2 Jj18  Jj21 J22 yir Ji2 J18 It 522 gt Ji2e o nig i 122

Gas concentrations

NH;3; minimum 3 -3 — 0 — — 0 — 0 - = 0 — 0 —

NH3; maximum 3 5 — 0o — — 1 — 0 - = 0o — 0 —

HCI minimum 0 0 0 0 0 —  -15 2 2 -1l — 23 0 2 14

HC] maximum 0 0 0 1 0 — 6 4 7 13 — -8 o -11 -17

HNO; minimum 0 0 0 0 0o — 4 0 2 6 — -8 -8 -4 9

HNO; maximum 0 0 0 0 0 — -5 0 9 6 — 8 I1 19 9
Meteorological conditions

at RH minimum -6 -1 0 -6 0 — -1 0 3 413 — 8 0 4 14

at RH maximum 4 0 4 — 3 0 16 — -1 0 -1 -4
Combined gas and meteorological

at RH minimum -3 4 0 -6 0 — -7 -2 -8 -8 — 8 -8 13 7

at RH maximum 1 -1 0 4 0 e 9 4 4 30— 14 11 -3 20
Aerosol experimental uncertainty

S0,* minimum -10 -1 -2 -8 0 — 18 0 6 17 — 13 0 3 15

S0,% maximum 8 1 1 6 0 — 21 o 6 -8 — -7 6 3 7

Na* minimum — 0 1 3 0 — 53 0 -11 -39 — 48 0 6 37

Na* maximum — 0 -1 -3 0 — 52 0 12 58 — 38 0 6 48
Model representation of size bins

externally mixed (all size bins) — 0 -1 22 0 — 35 0 44 320 — 26 0 18 200

one size bin only (internally mixed) 0 -1 -100 -64 0 —  -96 0 -87 98 — 94 0o 715 98

two size bins only (internally mixed) 0 -1 =12 -1 0 -— =57 0 -3 98 — 48 0 -1 98
Presence of organic acids

without CH3SO3” 0 227 -3 0 - 1 0 2 2 — 1 0 1 1

with dicarboxylic acids 2 0 0 0 0 — -2 0 -1 -6 — -2 0 0 -4

No value shown when concentrations of gas or aerosol species were below detection limits.

centration was observed with higher frequency, it was used as an
indicator of the behavior of the population during each sample.
The samples with the smallest changes in 1-hour average particle
number concentration in the 0.3-0.5 pm size rdnge were chosen
for modeling in order to satisfy this assumption as nearly as pos-
sible (see section 2.4).

The aerosol population was assumed to be vertically constant
between 7 m (the height of aerosol measurements) and 1.5-2 m
(the height of gas and meteorological measurements). Profiles of
NH,*, NOy’, CI', Na*, and SO4% measured over land suggest that
aerosol mass may vary by less than several percent over this ele-
vation change [Erisman et al., 1988], supporting the general va-
lidity of this assumption.

Aerosols were also assumed to be internally mixed in each
size bin since particle impactors provide no data on aerosol mix-
ing state on each stage. The influence of this assumption on
model results was tested by assuming that the aerosol population
was instead composed of two separate types of particles: (1)
modified sea salts and (2) organic-enriched ammonium sulfates.
The modified sea salts were assumed to be composed of observed
Na*, CI', Mg?*, sea-salt SO42, and NO5, where sea-salt S04
was calculated from observed Na* using the standard composi-
tion of seawater [Stumm and Morgan, 1996]. The organic-
enriched ammonium sulfates were assumed to be composed of
the remaining observed mass, including NH4*, non-sea-salt
S0,4%, CH3SO5, formate, and acetate. Each of the 99 size bins
was thus separated into two size bins representing the two particle
types, giving a total of 198 size bins, two of each size. It was not
possible to perform this test for sample J11 since all primary sea
salts were below detection limits.

Assumed mixing state influenced predictions for continentally
influenced samples by up to +320%, but influenced predictions
for the marine sample by no more than 1% (Table 6). When non-
sea-salt sulfates were separate from the sea salts, they retained

NH,4* in the aerosol phase; when they were mixed with sea salts,
they displaced CI" and NO3™. Thus the assumed degree of exter-
nal mixture had a significant impact on the predicted gas-aerosol
partitioning when sulfates were concentrated in the same particle
size range as sea salts, as occurred to the greatest degree in the
continentally influenced samples (see Figure 3). While it is likely
that the actual (and unknown) degree of internal mixture affected
the observed gas-aerosol partitioning to some degree since all
particles in a given size range are not likely to be perfectly identi-
cal, it is impossible to evaluate the importance of this effect with-
out further data on the actual mixing state of the aerosols.

As an aside, to briefly address the potential importance of
aerosol size resolution in future modeling work, the sensitivity of
the results to assuming (1) a single aerosol size bin, and (2) two
aerosol size bins was also tested (Table 6). One size bin resulted
in the acidic accumulation-mode aerosols being mixed with the
less acidic coarse-mode aerosols (see Figure 3). Overall, CI- and
NO;™ were displaced by the increased acidity of the mixture rela-
tive to the coarse mode, whereas NH4* was displaced by the de-
creased acidity of the mixture relative to the accumulation mode.
Thus a one-bin model gave a poor representation of the thermo-
dynamic gas-aerosol equilibrium in all samples except J11, which
was composed only of ammonium sulfates. A two-bin model
with bins separated at 1 pm gave similarly poor results in some
samples (J12 and J22), but also gave more adequate representa-
tion of the 99-bin results in other samples (J11, J18, and J21)
since it captured the primary chemical distinction between accu-
mulation and coarse modes.

3.2.3. Experimental uncertainty. The experimental uncer-
tainty in the inverted size distributions of the aerosol species was
calculated as described in section 2.5. The uncertainty in the
primary nonvolatile species, SO42" and Na*, influenced model re-
sults most, up to £58% (Table 6). Further, model results were
generally more sensitive to experimental uncertainty in the aero-
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sol mass size distributions than to any other source of model un-
certainty tested above, with the possible exception of mixing
state, which could not be constrained. Specifically, NH4* was
generally most sensitive to the uncertainty in SO4%, whereas CI°
and NO3~ were generally most sensitive to the uncertainty in Na*.
Thus these sensitivity tests were used to represent the effect of
experimental uncertainty on model results.

4. Results

The model results were first compared with observations in
order to evaluate whether gas-aerosol equilibrium may have been
observed during EAAS (Figures 4-9). The sensitivity of the
model results to the presence of organic acids was then analyzed
in order to evaluate their potential influence on the gas-aerosol
partitioning of the inorganic species.

4.1. Gas-Aerosol Partitioning

The observed size-resolved gas-aerosol partitioning of
NH3/NH4*, HCI/Cl,, HNO3/NO;, HCOOH/HCOO-, and
CH3;COOH/CH3;COO" was compared with the modeled equilib-
rium condition, and the results are discussed sequentially by spe-
cies in the following. It is noted that minor discontinuities
occurred in the results in several cases but were not important to
overall conclusions. Discontinuities at ~0.2 pm and ~1 pm in
sample J12 (Figures 5a-5c) resulted from charge imbalances due
to differences in the inverted size distributions of NH,+ and SO4%
(Figure 3b). Discontinuities at ~2 ym in sample J22 (Figures 9b
and 9c¢) resulted from discontinuities in sea-salt SO42' when the
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Figure 4. Sample J11 observations versus model results: (a) the
aerosol mass size distribution of NH4* and (b) the particulate
fraction of NH4*. (CI" and NO;3™ were below detection limits.)
Data shown in Figures 4a and 4b with error bars indicating the
range of experimental uncertainty. Model results shown in Fig-
ure 4a as a heavy line and in Figure 4b as a shaded column, with
the effect of experimental uncertainty (see section 3.2.3) shown
in Figure 4a as thin lines and in Figure 4b as error bars.
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Figure 5. Sample J12 observations versus model results: the
aerosol mass size distributions of (a) NH,*, (b) CI', and (c) NOy,
and (d) the particulate fraction of all three species. Data shown in
Figures 5a-5d with error bars indicating the range of experimen-
tal uncertainty. Model results shown in Figures 5a-5c as a heavy
line and in Figure 5d as shaded columns, with the effect of ex-
perimental uncertainty (see section 3.2.3) shown in Figures 5a-5¢
as thin lines and in Figure 5d as error bars.

inverted size distribution indicated that no SO4> was present de-
spite the presence of Na* (Figure 3e).

4.1.1. NH3/NH4*. The predicted equilibrium mass size dis-
tribution and particulate fraction of NH4* were fully within ex-
perimental uncertainty in the marine sample (Figures 6a and 6d).



FRIDLIND ET AL.: ANALYSIS OF GAS-AEROSOL PARTITIONING 19,899

This result is consistent with the hypothesis that the accumula- 05 — )
tion-mode aerosols were in equilibrium with NH; and were accu- “_— T data 1
rately represented by the model. The predicted particulate ‘= 04+ model ]
fraction of NHy* was also within experimental uncertainty in 0 03 3 .
three of the four remaining samples (Figures 4d, 5d, and 8d), but 2 U ]
the predicted size distribution deviated outside the limits of ex- %ﬂ“ 02F =
perimental uncertainty in at least some size ranges in those sam- S F 1
ples (Figures 4a, 5a, and 8a). In the remaining sample, NH,* was % 0.1 3 s T[[Im"‘ E
adequately predicted in the accumulation mode but drastically ° OF b I&ﬂ o ]
underpredicted in the coarse mode (Figure 7a), and the particulate b el .
10
D (pm)
0.2 [ T
o~ L + I data ] 0.5 p—m T T T T T T T ]
. | (@) NH ; : ]
£ 0.15: 4 modelz = g4k mer ;
o= b = Tk k
2 005k ] o> 02F ]
g UOoF E Eﬂ F 1
& F ] = 01F =
© 0 E - =) F ]
el Loaoau ol ol s kel 0: ] 7
0.1 1 10 T D SR
D (um) 0.1 1 10
P D (um)
- 3 j 0.4 e e
‘s F 3 - 3 E
@ gk E e 03¢ E
= 0% z N
%ﬂ“ 3 E —~ 02F E
3 F E o= E 3
=) E E & 0 g E
g 3 E = dE 3
5 of E Tt ;
AL Ll Ll 3 o 0E L ) ¢ E
0.1 1 10 e R 3
Dp (um) 0.1 1 10
D, (um)
— : j (d) particulate fraction
‘s 0.15F . 1r .
20 . ] : ]
E“ 0.1F - 0.81- 7
& 0.05f ; 0.6} .
= 0.05F 3 Vo ] data(li |
e L = r 1 A modae
£ of I 0.4r ]
| | ; | ,‘ L ]
0.1 1 10 0.2 E
r ]
Dp (um) 0 [ ]
NH * Cr NO~
(d) particulate fraction 4 3
1r i - 7 F.lgure 7. Sample J21 observations versus model results, as in
- /%’“ _._% % ] Figure 5.
— 0.6F % % % . [] data fraction was also consequently underpredicted (Figure 7d). Gen-
& F ___,ff f/’ 1 = eralizing these results, it appeared that most accumulation-mode
= Lk r 1 B model i ) .
041 .--‘?,/5 é % b aerosols were at or near equilibrium with NHjs, but predictions
r y % ] deviated from observations in the coarse mode when NH,* was
02r g // ,."‘4 7 observed in that mode.
03 é 4 ZR When NHy* peaks were present in the coarse mode, observa-
NH * cr NO tions indicated that they were accompanied by SO, peaks (Fig-
4 3 ures 3d and 3e). Since SO, was assumed to be fully internally

Figure 6. Sample J18 observations versus model results, as in mixed with the other aerosol constituents in the coarse mode, the
Figure 5. resulting aerosol solution was neutralized by the observed sea
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Figure 8. Sample J22 observations versus model results, as in
Figure 5.

salts and demonstrated little thermodynamic demand for NH4*.
Thus it was hypothesized that some particles in the coarse mode
may have been more acidic than others, and therefore capable of
attracting NH4*. When a mixture of separate modified sea-salt
particles and organic-enriched ammonium-sulfate particles was
assumed in all size bins (see section 3.2.2), predicted coarse-
mode NH,* more closely matched observations, and accumula-
tion-mode predictions were unchanged (size distributions shown
only for sample J22 in Figure 9a). These results suggest that it is
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possible that some degree of external mixture may explain the
deviation between predictions and observations, but it is impossi-
ble to draw more definitive conclusions due to the lack of data on
actual mixing state.

4.1.2. HCUCI". Modeled CI- was compared with observations
for the four samples exhibiting CI" above detection limits. The
predicted particulate fraction was within experimental uncertainty

0.4 prrrrr Ty
- e + T data
e o3p @NH ——— model
2
= 02F 3
A= £ 3
1] E E
) £ 3
=] 0.15— E
LR e,
Ee vl P cagl vl i
0.1 1 10
D, (pm)
;"'”I T LI T L ‘:
. E (b) CI ]
E 01F E
on C ]
= F 3
& 0.05F E
) F ]
S : ]
=) F ]
el 0' 1
(S Nl , L N
0.1
T 3
T 0.12F (©NO; B
E 3 E
o0 o ]
= 0.08F 3
O = 3
=14} E 1
L 0.04F =
= F ]
=) E 3
© OF
ol ol L bl L | L
0.1 1 10
D (pm)
(d) particulate fraction
1
- :
0.8 é .
= 0.6F /ﬁ 1 [0 data
g |7 ] B model
04r % 7]
02t | :
7 ]
NH4+ Cr NO3'

Figure 9. Sample J22 observations versus sensitivity test results,
as in Figure 5, when aerosols were assumed to be separated into
modified sea salt and organic-enriched ammonium-sulfate parti-
cles.
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in two continentally influenced samples (Figures 5d and 7d), but
the predicted and observed size distributions differed by more
than experimental uncertainties in one sample in some particle
size ranges (Figure 7a). In the marine sample the particulate
fraction of Cl" was overpredicted by ~10% (Figure 6d), but the
shape of the predicted size distribution closely approximated the
observed shape (Figure 6b). In the last, continentally influenced
sample, Cl" was severely underpredicted (Figure 8b), but the pre-
dictions were somewhat improved when separate modified sea-
salt particles and organic-enriched ammonium-sulfate particles
were assumed in all size bins, leaving less acidified sea salts to
retain Cl” (Figure 9b). Overall, it appeared that some aerosols
may have been at or near equilibrium with HCI, but there were
significant deviations between predictions and observations in
some samples that could not be explained.

4.1.3. HNO3/NOj". Modeled NO3™ was compared with ob-
servations for the four samples exhibiting NO3~ above detection
limits. As in the case of CI, the predicted particulate fraction
agreed with observations in two continentally influenced samples
(Figures 5d and 7d), but the predicted and observed mass size
distributions differed by more than experimental uncertainties in
at least some size ranges (Figures Sc and 7¢). By contrast, in the
marine sample, the particulate fraction of NO3~ was severely
overpredicted (Figure 6d), corresponding to underprediction of
HNO;. Thermodynamically, the marine sample was capable of
absorbing all available HNO3, almost twice as much as observa-
tions indicated was actually absorbed. In that sample, NO3™ was
underpredicted in the small particles due at least in part to the un-
derprediction of HNOj3, but overpredicted in the large particles
despite underprediction of HNOj3 (Figure 6¢). These deviations
between observations and equilibrium model results may have
been due to the actual undersaturation of large, fresh marine par-
ticles that has been previously observed in coastal environments
le.g., Pio and Lopes, 1998; Roth and Okada, 1998]. In the last,
continentally influenced sample, NO3~ was severely underpre-
dicted (Figure 8c), but the predictions were somewhat improved
when an external mixture of modified sea salts and ammonium
sulfates was assumed (Figure 9¢); as in the case of Cl-, the pre-
dicted size distribution still deviated from observations, but the
predicted particulate fraction lay within experimental uncertainty
(Figure 9d). Overall, it appeared that some continental aerosols
may have been at or near equilibrium with HNOj3 but that some
coarse-mode marine aerosols were undersaturated. However,
there were again significant deviations between predictions and
observations in some samples that could not be explained.

4.1.4. HCOOH/HCOO" and CH3COOH/CH3COO". The
gas-aerosol partitioning of formic and acetic acids was examined
in the two samples for which both aerosol and gas data were
available, J11 and J12. About 5-7% of the formic acid was ob-
served in the aerosol phase in both samples (compare Tables 3
and 4), consistent with other observations of 1-10% [Andreae et
al., 1987; Grosjean, 1989; Dibb et al., 1996], and ~3% of the
acetic acid was observed in the aerosol phase, consistent with
other observations of 0.3-20% [Grosjean, 1989; Dibb et al.,
1996]. In both samples, formate and acetate were concentrated in
the submicron size range, consistent with most other observations
[Andreae et al., 1987; Ludwig and Klemm, 1988; Matsumoto et
al., 1998].

The model represented the temperature-dependent dissociation
and volatility of both acids, but did not account for the water up-
take of the dissolved species or the nonideality of their activity
coefficients due to lack of thermodynamic data. Neglecting water
uptake likely introduced negligible error due to the relatively low
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aerosol concentrations of these species [Meng et al., 1995],
whereas neglecting nonideality of activity coefficients may have
resulted in an overestimate of the organic species in solution.
However, the model predicted <0.01% of formate and <0.001%
of acetate in the aerosol phase, at least two orders of magnitude
less than observed.

The severe underprediction of formate and acetate indicated
that the observations could not be explained by effective Henry’s
law partitioning of the acids to the aerosol solution. Similar re-
sults have been reported elsewhere, and it has been suggested that
associated ammonium formate and ammonium acetate in solution
may explain the discrepancy [Meng et al., 1995, and references
therein]. Since no data were available for the dissociation of
CH;COONHy(aq) and HCOONH,(aq), an estimate of 2.952 x
10* M for forward dissociation of CH;COONH,(aq) at 25°C was
used [Meng et al., 1995]. When CH;COONH,(aq) was thus in-
cluded, the model predicted <0.5% of water-soluble acetate in the
aerosol phase, still a factor of 6 lower than observed.

In summary, the observed gas-aerosol partitioning of formic
and acetic acids could not be explained. The potential presence
of CH3COONHy(aq) did not appear to account for the discrep-
ancy in acetic acid, but firm conclusions cannot be drawn until
more accurate thermodynamic data are available. Other potential
explanations include the possible presence of anhydrides in the
acidic accumulation-mode aerosol solution, or the partitioning of
the monocarboxylic acids to an organic surface active layer or
other organic matter phase that is not well mixed with the inor-
ganic solution [e.g., Pankow, 1994a, b; Odum et al., 1996; Bow-
man et al., 1997].

4.2. Impact of Nonvolatile Organic Acids
on Gas-Aerosol Partitioning

The sensitivity of the above results to the presence of non-
volatile organic acids was tested as follows. Sensitivity to
CH3SO53™ was tested by removing it from the model. Unlike
CH;S057, the dicarboxylic acids were not included in the model
thus far due to their low concentrations and the lack of complete
thermodynamic data. Sensitivity to the combined presence of the
three acids was thus tested by adding them. The results of the
sensitivity tests were used to evaluate the influence of the organic
acids on the partitioning of NH4*, CI', and NOj3™.

4.2.1. Impact of methanesulfonic acid. Thermodynamic
data included in the model represented the 25°C dissociation,
water uptake, and activity coefficients in CH3SO3;H(aq) solution
[Covington et al., 1973; Clegg and Brimblecombe, 1985]. In the
marine sample (J18), predicted NH,* was decreased by 27%
when CH3SO3” was removed, but ClI" and NOj3™ partitioning were
not affected (Table 6). In the remaining samples, predicted NH4*
was decreased by 0-3%, whereas Cl” and NO3™ were increased by
0-2%. Thus CH3SO5 served to retain a significant fraction of
aerosol NH4* in the marine sample, but had a more uniform and
moderate influence on gas-aerosol partitioning in the continen-
tally influenced samples, slightly increasing uptake of NH,* and
slightly displacing Cl" and NO3".

4.2.2. Impact of dicarboxylic acids. Thermodynamic data
included in the model represented the 25°C dissociation of oxalic,
succinic, and glutaric acids [Lide, 1996}, but did not account for
their water uptake or the nonideality of their activity coefficients
due to lack of data. Thus the model represented only their influ-
ence on the charge balance in each aerosol size bin. Because of
the relatively low concentrations and nonvolatility of all three
acids, this was considered to be adequate to first order.



19,902

Since they were present in the acidic accumulation-mode aero-
sols, succinic and glutaric acids were predicted to be <10% disso-
ciated in both samples, and oxalic acid was predicted to be only
~15-30% dissociated (Table 7). However, calculations indicated
that all three organics were present at nearly an order of magni-
tude below their solubility limit in pure water [Saxena and
Hildemann, 1996], confirming the possibility that they remained
fully dissolved in the bulk aerosol solution. The marine sample
(J18) was unaffected by the presence of the acids due to their low
concentrations in that sample (Table 6). In the continentally in-
fluenced samples, 0-2% of additional NH4* was retained by the
dissociated acids, whereas 0-6% of CI" and NO3~ were displaced.
These results support the possibility that dicarboxylic acids in
solution may be responsible for a fraction of chloride losses from
aged sea-salt aerosols and that oxalic acid may be most important
[Kerminen et al., 1998b] due to higher concentrations combined
with a higher degree of dissociation.

5. Summary and Conclusions

The EQUISOLV II model was applied to size-resolved aerosol
and gas field data gathered during EAAS in order to estimate
whether gas-aerosol equilibrium was achieved during EAAS and
how organic acids may have affected it. The conclusions pre-
sented above can be summarized as follows:

1. Accumulation-mode aerosols appeared to be at or near
equilibrium with NHj in all samples.

2. Coarse-mode aerosols containing NH4* did not appear to
be at equilibrium with NH3 unless some degree of external mix-
ture were assumed, but definitive conclusions could not be drawn
from this since no data were available on aerosol mixing state.

3. Coarse-mode aerosols of recent marine origin did not ap-
pear to be at equilibrium with HNO3 but may have been closer to
equilibrium with HCI. This may be explained by the lag time in
equilibration with HNOj that has been documented in other work
on coastal aerosols.

4. Coarse-mode aerosols that were continentally influenced
appeared to be at or near equilibrium with HNO3 and HCl simul-
taneously in some samples, but discrepancies between observa-
tions and model results could not be explained in other samples.

5. The gas-aerosol partitioning of formic and acetic acids
could not be explained by effective Henry’s law partitioning to
the aerosol phase, consistent with the results of other studies.
Furthermore, using existing indirect thermodynamic data, the dif-
ferences between observed and predicted water-soluble acetate
could not be explained by the potential presence of
CH5COONHy(aq).

6. In marine aerosols, CH3SOj3" retained ~30% of observed
NH4* but did not affect CI" and NOj3™. In continental aerosols,
CH3SO5™ had a more uniform and moderate influence, retaining
~0-3% of NH,* and displacing ~0-2% of Cl" and NO5™.

Table 7. Percentage of Dicarboxylic Acids Predicted in a
Dissociated Form

Sample Oxalic Succinic Glutaric
Ji1 26.00 0.04 0.03
J12 18.55 0.29 0.52
J18 24.05 — —
121 — 7.12 5.74
J22 15.78 0.03 0.03

FRIDLIND ET AL.: ANALYSIS OF GAS-AEROSOL PARTITIONING

7. Dicarboxylic acids appeared to be present primarily in their
fully associated form. Succinic and glutaric acids were predicted
to be <10% dissociated in both samples, whereas oxalic acid was
predicted to be ~15-30% dissociated. Together, the acids had no
influence on the marine sample. In the continentally influenced
samples, however, the acids retained ~0-2% additional NH4* and
displaced ~0-6% of Cl and NO3".

Generalization of these conclusions provides insight into
whether the observations fit together to form a physically consis-
tent picture of size-resolved aerosol chemical composition and
gas-aerosol interaction. Overall, a physically consistent picture
was generally verified in the accumulation mode, except with re-
spect to monocarboxylic acid partitioning. However, in the
coarse mode, where aerosols were often composed of more com-
plex mixtures of primary and secondary constituents, it was often
not possible to verify such a picture. It was also not possible to
identify the first-order source of error when predictions deviated
from observations in the coarse mode, such as whether the aero-
sols were actually out of gas-aerosol equilibrium or were inade-
quately represented by the model. Since results in such cases
were sensitive to mixing state assumptions, additional data on the
actual mixing state of the coarse-mode aerosols would have pro-
vided an important model constraint. Sensitivity tests using one
and two aerosol size bins showed that accurate modeling of gas-
aerosol interaction is also likely to require some degree of aerosol
size resolution.
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